The magnitude of sleep-related gonadotropin rise required to activate pubertal feminization is not established.
to activate ovarian function sufficiently to initiate feminization.
The hormonal responses to GnRH and a GnRH agonist (GnRHag) challenge are known to increase with pubertal maturation (6 -10) . Thus, GnRHag administration is commonly used as a diagnostic test for pubertal disorders (11, 12) . It seems likely that the degree of responsiveness of the pituitary-ovarian axis to GnRHag reflects the degree of antecedent activation of the neuroendocrine axis (13, 14) . This study was undertaken to systematically examine this concept to determine the normal relationship between pubertal hormones during sleep and pituitaryovarian responsiveness to GnRHag across the pubertal transition.
Subjects and Methods

Subjects
Healthy volunteer 6-to 10-year-old prepubertal and 9-to 13- year-old pubertal premenarcheal girls were recruited by advertisement. Puberty was categorized according to absence (prepubertal, stage 1) or presence (pubertal) of breast development as determined by palpation by a physician trained in pediatric endocrinology; prepubertal girls lacked pubic hair, whereas pubertal girls' pubic hair stage was variable (15) . Fifty percent were non-Hispanic black, 27% non-Hispanic white, 19% Hispanic, and 4% Asian.
The studies were conducted in 2 phases, 2000 -2004 (n ϭ 40), which have been reported in part (13) , and 2007-2010 (n ϭ 22). The University of Chicago Institutional Review Board, after initially granting approval, suspended the studies in 2004 and approved resumption of a streamlined version in 2007 after a review by a federal ethics panel, which determined that these procedures represented a minor increase over minimal risk and were approvable under federal regulations 45CFR46.407 and 21CFR50.54 because of their potential to further understanding of serious child health care problems (16) . All studies were performed after obtaining assent of the girls and consent of the parents. Three pubertal girls had incomplete studies because of problems maintaining iv line placement. Subjects experienced no serious adverse events, and none reported menses in a survey 1 month after study completion.
Study protocol
All subjects were admitted to the University of Chicago General Clinical Research Center immediately after undergoing examination. The procedures have been reported in detail (13, 14) . In summary (Table 1) , a hormonal sleep test was started on day 1 at 7:00 PM, and sampling every 20 minutes lasted as tolerated until 2.7 or more hours of sleep, which was documented by observation. At 7:00 AM on day 2, GnRHag test baseline sampling was begun. GnRHag (leuprolide acetate 10 g/kg sc) was injected either at 6:00 PM (2000 -2004; after 12:00 PM low dose dexamethasone) (13) or at 8:00 AM without dexamethasone administration (2007-2010) (14) , and blood sampling was carried out at intervals for 24 hours.
Laboratory and procedural methods
The University of Chicago Hospital Laboratories measured serum LH and FSH by ␤-subunit-specific assays. Duplicate immunofluorometric assays were performed prior to August 2007 (Delfia; PerkinElmer, Waltham, Massachusetts), for which the LOD and functional sensitivity (precision 20%) were 0.15 U/L; thereafter singleton immunochemiluminometric assays (Immulite; Siemens Medical Solutions Diagnostics, Los Angeles, California), for which the LOD and functional sensitivity were 0.1 U/L, were performed; the results were highly correlated (r ϭ 0.99) and are expressed in terms of Immulite (14) . Plasma estradiol was measured by immunoassay kit (Pantex, Santa Monica, California) (17); LOD was 5 pg/mL; functional sensitivity 10 pg/mL (36 pM); and pubertal midrange precision 10%. Total testosterone was assayed by a RIA (Diagnostic Products Corp, Los Angeles, California) that has been validated against liquid chromatography/tandem mass spectrometry; LOD was 5 ng/dL, functional sensitivity 10 ng/dL (0.347 nM), and precision 11%; free testosterone and the SHBG binding capacity were calculated from a competitive protein-binding assay (18) . Dehydroepiandrosterone sulfate (DHEAS) results are expressed in terms of Immulite (Siemens Medical Solutions Diagnostics) as recently reported (14) .
Bone age (BA) was determined on a continuum by a Greulich-Pyle-based method (19) . Body mass index (BMI) percentiles were determined from a national database (20) . 
Data analyses
The 2000 -2004 and 2007-2010 data were pooled after preliminary analyses showed that continuous vs intermittent sampling did not affect sleep test outcomes, and time of day and dexamethasone administration did not significantly affect gonadotropin or estradiol responses to GnRHag (Supplemental Figure 1 , published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org).
Secondary comparisons of overweight (OW; BMI Ն85th percentile) to normal-weight (NW; BMI 9th to 84th percentiles) pubertal girls were made because previous reports, 1 involving our 2000 -2004 subset, indicated that the OW pubertal girls had subtle disturbances of hypothalamic-pituitary-gonadal function (13, 21) (Supplemental Analyses).
Hormonal outcome variables during sleep were compared within individuals or between groups by paired or unpaired Student or nonparametric t test, after log transformation as appropriate for data distribution normalization; P values were Bonferroni corrected for multiple comparisons as appropriate. Relationships between variables were assessed by linear regression analysis. Two-way, repeated-measures ANOVA was used to compare GnRHag test results between groups. Sensitivity and specificity of diagnostic cut points were determined by receiveroperating characteristic curve analysis. Data analyses were performed using Excel (Microsoft Corp, Richmond, California), Prism (GraphPad Software, Inc, San Diego, California), and STATA version 12 (StataCorp, College Station, Texas) programs. Results are expressed as mean Ϯ SD. Two-tailed P Ͻ .05 was considered significant.
Significant pulses of LH were identified with the Chronobiologic Series Analyzer program (www.ibridgenetwork.org/ uctech/chronobiological-series-analyzer-csa, courtesy of E. Van Cauter, PhD, University of Chicago, Chicago, Illinois). This program uses the ULTRA algorithm to eliminate all LH peaks for which the change did not exceed a threshold 3 times assay precision (22) .
Results
Baseline characteristics of study groups
The groups differed in pubertal characteristics and hormonal markers much as expected (P Ͻ .01) ( Table 2) . One third of the pubertal girls were breast stage 2, 61% stage 3, and 6% stage 4. Although early-morning estradiol correlated with breast stage (r ϭ 0.700, P Ͻ .001), it was below the functional sensitivity of the method in 30% of pubertal girls. Chronologic age and BA did not differ significantly, but outcomes more often correlated significantly with BA.
Sleep tests in girls
Luteinizing hormone
Prepubertal girls' wake LH levels were below the assay functional sensitivity ( Figure 1A ). Ninety-six percent experienced a significant sleep-related LH rise (sleep vs wake, P Ͻ .002). The magnitude of rise increased steadily throughout the prepubertal years (P Ͻ .04, Figure 1 , B and C). Linear regression analysis showed that the peak sleep LH was 0.6 U/L or less at BA 6.0 yr and rose to an average 0.95 U/L (90% population limits 0.15-1.75 U/L) at BA 11.0 years. Supplemental Table 1 shows mean and peak ranges for the groups.
Pubertal wake and sleep LH levels were significantly related to age (P Ͻ .02, Figure 1 , A and B). A significant sleep-wake difference (rise) in mean LH occurred in 93% of girls (P ϭ .0001), but its size was not significantly related to age ( Figure 1C ). The magnitude of this LH rise was less in OW-than NW-pubertal girls (see Supplemental Analyses). The peak wake LH level averaged 3.6 U/L (fifth to 95th percentiles, 0.15-8.0 U/L), and peak sleep LH averaged 6.0 (0.15-12.6) U/L (Supplemental Table 1 ). During puberty, the slopes of the wake and sleep LH-BA relationships increased significantly (P Յ .03).
A peak sleep LH of 0.5 U/L or greater was 91% sensitive (64% specific) and 1.0 U/L or greater was 85% sensitive (89% specific) for detecting puberty, whereas 2.1 U/L or greater was 96% specific (74% sensitive). The only pubertal girls with peak sleep LH less than 1.0 U/L were either in very early stage 2 of breast development with tiny breast buds (0.5 cm diameter) or were obese with stage 3 breasts.
The sleep-related rises in LH levels were due primarily to significant increases in pulse amplitude (Supplemental Table 2 ). LH pulses were detectable more often in pubertal than prepubertal girls both awake (69% vs 4%) and asleep (91% vs 56%) (P Ͻ .005), and the sleep-related rise was significant in both groups (P Ͻ .03).
Follicle-stimulating hormone
Prepubertal girls' wake FSH increased significantly in relationship to BA (unlike LH), as did sleep FSH (P Ͻ .05) (Figure 1 , D-F): linear regression analysis indicated that peak wake FSH increased from 0.75 (90% population limits Յ 0.15-1.80) U/L at BA 6 years to 2.0 (0.9 -3.0) U/L at BA 11 years, and peak sleep FSH increased from 1.2 U/L (Յ0.15-3.2 U/L) at BA 6 years to 2.9 U/L (0.9 -4.9) at BA 11 years. However, although the sleep-related FSH rise was significant (P Ͻ .001), it was not age related.
FSH levels during puberty loosely paralleled LH, increasing significantly in relation to BA awake and (for mean FSH in relation to age, r ϭ 0.449, P Ͻ .05) asleep. Although FSH rose significantly during sleep (P Ͻ .01), a sleep-related rise was inconsistent and not significantly related to age (Figure 1 , D-F). Pubertal FSH overlapped prepubertal values considerably: peak wake and sleep FSH of 1.0 U/L or greater was 94% sensitive for puberty (specificity 41% awake, 26% asleep); a peak sleep FSH of The sleep-related rise (⌬ ϭ peak sleep minus peak wake) is shown in the right-hand panel for each hormone. P values and regression lines are shown for significant correlations within the prepubertal and pubertal groups. Fine dotted lines designate 90% population limits for significant slopes in the prepubertal group. 4.0 U/L or greater was 95% specific (75% sensitive) for puberty.
Estradiol
Wake and sleep estradiol levels approximated the detection limit in more than 95% of prepubertal girls, the exception being an otherwise unremarkable 7.3-
year-old with pubertal wake and sleep levels (Figure 1 , G-I and Supplemental Table 1 ). During puberty, they increased significantly in relation to age (P Ͻ .05) (Figure 1 , G-I). There was no significant sleep-related change. A mean sleep estradiol level of 10 pg/mL or greater was 96% specific for puberty but was only 76% sensitive. 
GnRH agonist tests in girls
Baseline
Prepubertal early-morning baseline hormone levels correlated with mean sleep levels (P Յ .02), but morning LH averaged 49 Ϯ 33% lower (P Ͻ .0001) (Supplemental Table 3 ). Throughout prepuberty, gonadotropins rose slightly but significantly with BA, but estradiol remained less than 10 pg/mL (Figure 2 , A-C). According to linear regression analysis, prepubertal mean LH rose from less than 0.175 U/L at BA 6.0 years to average 0.22 U/L at 11.0 years (90% population limits Յ 0.4 U/L), and FSH rose from 2.1 U/L or less at BA 6.0 years to average 2.65 U/L at BA 11.0 years (1.3-4.0).
During puberty, mean LH, FSH, and estradiol increased significantly in relation to age, and the LH and estradiol rate of increase with advancing BA accelerated significantly (P Յ .04). LH averaged 74 Ϯ 85%, FSH 86 Ϯ 39%, and estradiol 155 Ϯ 93% of their respective mean sleep levels (all P Յ .003) (Supplemental Table 3 ). LH of 0.4 U/L or greater was 96% specific (76% sensitive) for puberty. FSH of 1.0 U/L or greater was 94% sensitive (30% specific) and FSH of 3.0 or greater was 96% specific (70% sensitive) for puberty. Estradiol of 10 pg/mL or greater was 100% specific and 70% sensitive.
Post-GnRHag values
Prepubertal girls all experienced significant gonadotropin responses to GnRHag (Figure 2 , D and E, and Supplemental Table 3 ). The LH peak (average 3.4 U/L, fifth to 95th percentiles 1.2-8.9) occurred at 1 hour in one third, at 4 hours in two thirds. LH 4 hours after GnRHag, unlike LH 1 hour after GnRHag, correlated significantly with age and BA (r ϭ 0.471-0.516, P Յ .01): according to linear regression analysis, it rose from 0.75 U/L (90% population limits Ͻ 0.15-5.25 U/L) at BA 6.0 years to 5.6 U/L (1.2-10.0 U/L) at BA 11.0 years ( Figure 2G ). Prepubertal FSH peak responses consistently occurred 4 hours after GnRHag and were not related to age or BA, but 20-to 24-hour responses were (P ϭ .03). FSH was 9.3-37 U/L (fifth to 95th percentiles) 4 hours and 2.5-11 U/L 24 hours after GnRHag ( Figure 2H ). Prepubertal estradiol rose significantly after GnRHag (P Ͻ .0001); the 20-hour and peak responses correlated with BA (r ϭ 0.435-0.402, respectively, P Յ .04): 73% of prepubertal girls had a significant response (to Ն 15 pg/mL); peak responses occurred at 24 hours in half and averaged 29 pg/mL (fifth to 95th percentiles 9 -56 pg/mL) ( Figure 2 , F and I).
Pubertal LH and estradiol responses to GnRHag exceeded prepubertal responses (group by time interactions, P Ͻ .0001) at all post-GnRHag time points (P Ͻ .01) ( Figure 2 , D and F and Supplemental Table 3 ). The pubertal LH peak (average 36 U/L, fifth to 95th percentiles 2.8 -99) occurred at 1 hour in 34% and 4 hours in 60% and was related to age ( Figure 2G ). High sensitivity (95%) for distinguishing puberty from prepuberty was provided by LH of 3.2 U/L or greater 1 hour after GnRHag or LH of 4.5 U/L or greater 4 hours after GnRHag (specificity 81%-85%). High specificity (96%) was afforded by LH of 5.5 U/L or greater 1 hour after GnRHag or 9.9 U/L or greater 4 hours after GnRHag (sensitivity 76%-79%); the pubertal girls below these cutoffs were those who lacked specifically pubertal peak sleep LH (Table 3) . Pubertal FSH peaked 4 hours after GnRHag in all but did not differ significantly from the prepubertal response until 20 -24 hours after GnRHag (P Ͻ .0001); at the latter time, it increased with BA ( Figure 2 , E and H). FSH of 5.7 U/L or greater 24 hours after GnRHag was 95% sensitive and FSH of 13 U/L or greater was 96% specific for puberty.
Pubertal estradiol responses to GnRHag peaked in half the girls at 20 hours and half at 24 hours ( Figure 2F) ; they were significantly related to age ( Figure 2I ). Estradiol of 34 pg/mL or greater was 95% (20 hours) to 91% (24 hours) sensitive (specificity 74%-77%, respectively) and estradiol of 60 pg/mL or greater was 96% specific (sensitivity 95%-85%, respectively) for puberty ( Figure 2I ).
Relationships among sleep and GnRHag test outcomes and pubertal stage
Sleep hormone levels correlated with those in response to GnRHag. Most notably, sleep LH correlated well with LH after GnRHag across groups, the peak sleep LH accounting for 65% of variance in the 4-hour response (Figure 3A) . The correlation between sleep FSH and FSH 4 hours after GnRHag ( Figure 3B) was primarily attributable to the prepubertal group because the correlation during puberty was nonsignificant (r ϭ 0.164). Peak sleep FSH correlated better linearly across groups with FSH 24 hours after GnRHag (r ϭ 0.662, P Ͻ .0001, data not shown). The estradiol response to GnRHag correlated well with sleep LH both across and within groups ( Figure  3C ). The correlation between sleep estradiol and after Gn-RHag across groups was primarily attributable to the pu-bertal group ( Figure 3D ) because most prepubertal girls' estradiol levels responded to GnRHag despite approximating LOD during sleep.
Fourteen percent of girls had disparities among their pubertal stage and 95%-specific sleep or GnRHag test outcomes; we considered them to be peripubertal ( Table  3 ). Two of the 3 clinically prepubertal girls were overweight. One (subject A) had nonspecifically pubertal sleep gonadotropins (Ն1.0 U/L) but had specifically pubertal gonadotropin responses to GnRHag that generated a nonspecific estradiol response. Another overweight girl (subject C) had a specifically pubertal sleep LH level. A lean prepubertal girl (subject B) had nonspecifically pubertal LH levels during sleep and in response to Gn-RHag but a specifically pubertal estradiol response to GnRHag. Two pubertal girls with very early breast budding (subjects D and E) had robust estradiol responses to GnRHag, 1 after isolated specifically pubertal FSH responses to sleep and GnRHag and the other after a specifically pubertal LH response to GnRHag but not to sleep. Yet another (subject F) had a pulsatile sleep LH at assay LOD and nonspecific post-GnRHag gonadotropins yet a specifically pubertal estradiol response to Gn-RHag. Subject G, who had 2-cm breast buds, was an outlier: the only lean, clinically pubertal girl without any specifically pubertal response to GnRHag. Five OW-pubertal girls with stage 2-3 breasts (subjects H-L), 36% of the OW-pubertal group, lacked specifically pubertal sleep LH and accounted for most of the pubertal girls with peak sleep LH less than 1.0 U/L (Fig- ure 1B), yet 80% had 1 or more specifically pubertal values at baseline or in response to GnRHag.
Comparison of overweight with normal-weight pubertal girls
Sleep-related rises in LH and FSH were significantly blunted in OW-pubertal compared with NW-pubertal, although wake and sleep levels were similar (Supplemental Analyses).
LH and FSH responses to GnRHag tended to be higher and estradiol responses were significantly lower in OWpubertal than NW-pubertal (Supplemental Analyses). This resulted in lower ratios of peak estradiol to peak FSH in OW-pubertal than NW-pubertal girls (P Յ .05).
Comparison of girls with boys during the pubertal transition
Prepubertal girls had lower spontaneous and GnRHagstimulated LH levels, but higher FSH levels, than contemporaneously studied prepubertal boys (14) (Supplemental Analyses). GnRHag-stimulated gonadotropins elicited pubertal sex steroid levels in prepubertal girls but not in prepubertal boys. The peak sleep LH and post-GnRHag levels that were greater than 90% sensitive for detecting puberty were about 3-fold lower in girls than boys. The correlation between the LH responses to sleep and Gn-RHag was significantly lower in girls than boys (r ϭ 0.807 vs r ϭ 0.964, P Ͻ .01). This contributed to our inability to identify a single sleep or post-GnRHag LH level that provided both 95% or greater sensitivity and specificity for the detection of puberty in girls. This contrasts to boys, in whom sleep peak LH of 3.7 U/L or greater and the LH 4 hours after GnRHag of 14.8 U/L or greater each met this criterion.
Discussion
This study demonstrates that girls' pubertal hormone responses to GnRHag testing indicate the degree to which their pituitary-gonadal axis has been activated during sleep and provides normative data on the maturation of girls' pituitary-gonadal axis and its response to GnRHag. In contrast to boys (14) , however, no parameter provided both 95% sensitivity and specificity (Table 3 ). Peak sleep LH of 0.5 U/L or greater was 91% sensitive and peak sleep LH of 2.1 U/L or greater was 96% specific for detecting puberty. Post-GnRHag LH of 3.2 U/L or greater at 1 hour (or Ն 4.5 U/L at 4 h) had 95% sensitivity for detecting puberty, and an LH of 5.5 U/L or greater at 1 hour (Ն9.9 U/L at 4 h) had 96% specificity. Estradiol of 34 pg/mL or greater 20 -24 hours after GnRHag was 91% sensitive and estradiol of 60 pg/mL or greater was 96% specific for puberty.
During the late prepubertal years, both girls and boys experience a steady and substantial increase in sleep-related LH levels and an even greater FSH increase that occurs both awake and asleep (5, 14) . Girls' immunoreactive gonadotropins are bioactive, judging from an ultrasensitive bioassay for estrogen (23) : the active formation of antral follicles greater than 2 mm diameter (13, 24) , a size that indicates FSH responsiveness (25) (26) (27) (28) (29) ; and, in a primate model, gonadotropin sensitivity to estradiol negative feedback (30) .
Prepubertal girls differ from boys, however, in their lower spontaneous and GnRHag-stimulated LH levels and higher FSH levels. Prepubertal girls' gonads are also Correlations of peaks were significant across and within the prepubertal and pubertal groups, as shown (P Յ .005). B, Relationship between peak sleep FSH and FSH peak (4 hours) after GnRHag. A linear relationship was present only in prepubertal girls (P Ͻ .0001). C, Relationship between peak sleep LH and estradiol (E2) peak response to GnRHag. These correlations also pertained within both the prepubertal and pubertal groups (P Ͻ .0001). Mean sleep LH was similarly related to the estradiol peak response to GnRHag (r ϭ 0.851, P Ͻ .0001). D, Relationship between peak sleep estradiol and estradiol peak response to GnRHag. The correlation across groups was primarily attributable to the pubertal group (P Ͻ .001) because the correlation in prepubertal girls was nonsignificant (r ϭ 0.032). Regression lines with accompanying statistics are shown for significant across-group correlations; linear regression and polynomial fits yielded similar correlations except for FSH, in which a fourth-order polynomial equation provided the best fit because FSH levels plateau in pubertal girls (see text). Significant within-group correlation coefficients for linear regression are also displayed.
functionally more sensitive to gonadotropin stimulation than boys': GnRHag-stimulated gonadotropins elicited pubertal sex steroid levels in prepubertal girls but not in prepubertal boys. Thus, girls entered puberty at lower LH levels than boys.
FSH levels rose only about 3-fold during the premenarcheal pubertal years, which contrasts to the greater than 10-fold LH rise. It seems likely that rising inhibin-B elaborated by increasing ovarian follicular development plays a key negative-feedback role in attenuating further FSH increase during puberty (31, 32) . Although FSH levels were poorly discriminatory of pubertal status, 94% of pubertal girls attained levels similar to pubertal boys, 1.0 U/L or greater, which approximated the fifth percentile for 11.0-year-old prepubertal girls. These data suggest that after a critical level of FSH is achieved in the late prepubertal years, LH stimulation of thecal steroidogenesis (26) is the major factor in pubertal progression. Once puberty becomes clinically apparent, the tempo of LH rise accelerates because of GnRH self-priming, and ovarian gonadotropin-sensitivity increases (33) (34) (35) .
We demonstrate that sleep LH correlates well with LH responsiveness to GnRHag across the pubertal transition. However, this relationship is significantly more variable than that in boys, which may contribute to our inability to identify a single sleep or post-GnRHag LH level in girls that provided both 95% or greater sensitivity and specificity for the detection of puberty, although we could in boys.
Cyclic gonadotropin secretion, which becomes apparent during the late prepubertal years (36, 37) , may account for the excess variability in the relationship between girls' LH responses to sleep and GnRHag. Our peripubertal data seem informative in this regard, being compatible with the following interpretations, which are hypothetical in the absence of longitudinal data. Shortly after a cycle of gonadotropin secretion in late prepubertal girls, gonadotropin responsiveness to GnRHag is enhanced but not sufficiently to generate much estradiol secretion ( Table 3 , subject A). After more such cycles, pubertal pituitaryovarian responsiveness to GnRHag increases before breasts bud (subject B). On the other hand, during phases of the cycle when the GnRH-primed pubertal pituitaryovarian axis is quiescent, variable pubertal degrees of pituitary-estradiol GnRHag responsiveness exist (subjects D-G and L). Overweight/obese girls may develop breasts with little if any specific evidence of pubertal pituitaryovarian activation (subjects H-K), suggesting a role of aromatized adrenal androgens (38, 39) . The estradiol response to GnRHag appears to be the most consistent evidence of puberty: an estradiol peak of 34 -60 pg/mL seemed to indicate peripuberty and an estradiol peak of greater than 60 pg/mL was 95% specific for the appearance of puberty. These considerations suggest that hormonal responses to GnRHag testing in girls may be more indicative of the state of pubertal pituitary-ovarian activation than those to sleep.
These data seem relevant to the diagnosis of disorders of puberty. Our data suggest that a baseline FSH of 1.0 U/L or greater, 1-hour post-GnRHag LH of 3.2 U/L or greater, and post-GnRHag estradiol of 34 pg/mL or greater are each 90% or greater sensitive for the onset of puberty, although higher levels are necessary for 95% specificity. These data may be useful in differentiating gonadotropin deficiency from constitutionally delayed puberty in girls, for whom very few data exist, especially with currentgeneration gonadotropin assays (11, 34, 40) . Our data are consistent with the consensus opinion that a 1-hour post-GnRHag LH peak greater than 3.3-5.0 U/L suggests a diagnosis of central precocious puberty (41) . Definitive data have been lacking, however, because of differences in study design, test regimens, and assays (42) (43) (44) (45) (46) . An extreme variation of the apparently normal intermittent ovarian activation may account for the entity of premature menarche in prepubertal girls (47) , but GnRHag test data are unavailable in this condition.
Thirty-six percent of our overweight early pubertal girls had meager hormonal evidence of puberty. As a group, overweight premenarcheal pubertal girls had normal average pubertal hormone levels, but blunted sleep-related gonadotropin rises, as previously reported (13, 21) . This expanded data set also suggests that excess adiposity alters responses to GnRHag: gonadotropins tended to be higher and estradiol lower, resulting in a lower estradiol to FSH ratio in overweight pubertal girls. These data are consistent with obesity reducing gonadotropin biopotency by accelerating gonadotropin clearance (48) .
The limitations of the study include its cross-sectional nature, the lack of polysomnographic staging of sleep and ultrasonographic documentation of internal genital development, the relative infrequency of nocturnal LH sampling, the known nonspecificity of estradiol assays in the prepubertal range (23) , and the procedural changes that took place over the long course of the study. Many of these limitations are related to the practical and ethical issues that attend clinical investigation in normal children.
In summary, this study provides normative data for the responses to GnRHag testing across the normal female pubertal transition and demonstrates their relationship to sleep-related pubertal activation of the pituitary-ovarian axis.
